Bacteria often possess multiple siderophore-based iron uptake systems for scavenging this vital resource from their environment. However, some siderophores seem redundant, because they have limited iron-binding efficiency and are seldom expressed under iron limitation. Here, we investigate the conundrum of why selection does not eliminate this apparent redundancy. We focus on Pseudomonas aeruginosa, a bacterium that can produce two siderophores-the highly efficient but metabolically expensive pyoverdine, and the inefficient but metabolically cheap pyochelin. We found that the bacteria possess molecular mechanisms to phenotypically switch from mainly producing pyoverdine under severe iron limitation to mainly producing pyochelin when iron is only moderately limited. We further show that strains exclusively producing pyochelin grew significantly better than strains exclusively producing pyoverdine under moderate iron limitation, whereas the inverse was seen under severe iron limitation. This suggests that pyochelin is not redundant, but that switching between siderophore strategies might be beneficial to trade off efficiencies versus costs of siderophores. Indeed, simulations parameterized from our data confirmed that strains retaining the capacity to switch between siderophores significantly outcompeted strains defective for one or the other siderophore under fluctuating iron availabilities. Finally, we discuss how siderophore switching can be viewed as a form of collective decision-making, whereby a coordinated shift in behaviour at the group level emerges as a result of positive and negative feedback loops operating among individuals at the local scale.
Introduction
Many bacterial species possess multiple molecular apparatuses that, although structurally different, fulfil similar functions. For instance, an individual bacterium often has multiple quorum sensing-based communication systems [1] , multiple secretory apparatuses [2, 3] or multiple siderophore-based iron acquisition systems [4, 5] . This multiplicity raises a fundamental evolutionary question: why should natural selection maintain a costly and seemingly redundant array of different molecular mechanisms for a single cellular function? The problem becomes particularly intriguing in instances where a molecular system seems disused. This is apparently the case for siderophore-based iron acquisition systems, where so-called 'secondary' siderophores are usually expressed only weakly or not at all under iron limitation [4, 6, 7] . An evolutionary consequence of this disuse should be that selection eliminates superfluous systems [8] .
Here, we address this conundrum in the context of siderophore production in the opportunistic human pathogen Pseudomonas aeruginosa. Bacteria rely on the secretion of siderophores to satisfy their need of iron in environments where iron is insoluble or host-bound [9, 10] . Pseudomonas aeruginosa possesses molecular machineries to synthesize two siderophores, pyoverdine [11] and pyochelin [12] . While the synthesis [11] , function [13, 14] and virulence [15, 16] of pyoverdine has been extensively studied, pyochelin has received much less & 2013 The Author(s) Published by the Royal Society. All rights reserved.
attention. This is mainly because pyochelin is usually produced in low amounts [17] has a much lower affinity to iron (K f ¼ 10 5 M
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) [12] than pyoverdine (K f ¼ 10 24 M 21 ) [11] and is less important for virulence [16] . Despite its apparent inferiority to pyoverdine under typical conditions, it has been suggested that under less stringent iron limitation, pyochelin might prove most useful [4] . It remains unclear, however, how bacteria regulate differential deployment of their two siderophores in response to local iron availability, and indeed, what benefit might accrue from different deployment configurations.
In this study, we used an integrative approach to investigate why P. aeruginosa maintains two siderophore-based iron acquisition systems, one of which seems superfluous. At the mechanistic level, we investigated whether there is a mechanism that might facilitate switching among different siderophore strategies in response to iron availability. Such switching could potentially emerge from interactions between the respective negative and positive feedback loops regulating each siderophore's synthesis. Positive feedback loops (enhancing siderophore synthesis) comprise signalling systems whereby the binding of iron-loaded siderophores to their respective receptors results in the intracellular activation of PvdS (sigma factor triggering pyoverdine synthesis [18] ) and PchR (transcriptional regulator of pyochelin synthesis [19] ). Negative feedback loops (reducing siderophore synthesis) operate through ferric uptake regulator (Fur). Fur forms complexes with excess iron in the cytoplasm, and then blocks siderophore production by binding upstream of PvdS [20] and PchR [19] . While these feedback loops have already been studied in detail for each siderophore separately, potential interactions between the two loops have not been examined.
At the ecological level, we tested whether iron availability is indeed the environmental cue that triggers switching between siderophore investment strategies as suggested by Cornelis [4] . Accordingly, we carried out a set of experiments in which we measured the relative production of pyoverdine and pyochelin across a range of environmental conditions. We kept the absolute iron concentration constant, but altered the relative iron availability by manipulating (i) how strongly iron is bound in the environment (through altering pH and chelator-binding strength), and (ii) the iron uptake rate (through altering temperature).
At the evolutionary level, we investigated whether switching between two siderophore systems could yield greater fitness benefits compared to having a single efficient siderophore system. A possible scenario is that pyoverdine is not only more efficient, but also more costly to produce, such that having the ability to produce a cheaper alternative might enable bacteria to trade off costs versus efficiencies of siderophores in a fluctuating environment. To test this possibility, we first quantified the costs involved in the synthesis of the two siderophores by gathering information on the number of genes and building blocks involved in their synthesis. Next, we compared the absolute fitness of wild-type strains (able to produce both siderophores) versus genetically engineered strains defective for the production of one or the other siderophore across different environments. Finally, we used computer simulations to investigate how a fluctuating environment could potentially influence the long-term competitive dynamics among producers of pyoverdine, pyochelin or both siderophores.
Material and methods (a) Strains and culturing methods
We used P. aeruginosa PAO1 (ATCC 15692) as our wild-type strain, which can produce both pyoverdine and pyochelin. We further used two deletion mutants derived directly from our PAO1 strain background [21] , namely: (i) PAO1DpvdD, a strain defective for pyoverdine production, in which the gene coding for the pyoverdine synthetase PvdD is deleted; and (ii) PAO1DpchEF, a strain defective for pyochelin production owing to a deletion in genes coding for pyochelin synthetases PchE and PchF.
The standard culturing method (where not otherwise specified) included the inoculation of approximately 10 5 bacterial cells (from overnight Luria-Bertani cultures) into 200 ml casamino acids (CAA) medium (5 g CAA, 1.18 g K 2 HPO 4 *3H 2 O, 0.25 g MgSO 4 *7H 2 O, per litre). We further added 100 mg ml 21 human apo-transferrin (a strong natural iron chelator) and 20 mM NaHCO 3 (as cofactor) to prevent non-siderophore-mediated uptake of the residual (approx. 2 mM) iron [15, 22] . We buffered the CAA medium at around pH 7 by the addition of 25 mM HEPES (Sigma-Aldrich). Cultures were incubated for 24 h under static conditions at 378C. Subsequently, we measured growth as optical density (OD) (at 600 nm) and quantified pyoverdine and pyochelin production using the natural fluorescence properties of these molecules using a multimode plate reader (Synergy Mx, Biotek). We then standardized the relative fluorescence units (RFU) by OD (RFU/OD) [14, 23] .
(b) Measuring pyoverdine and pyochelin production
To be able to simultaneously quantify investment into the two siderophores in batch culture, we established a new method based on the fluorescent properties of the pyoverdine [23] and pyochelin [24] molecules (see the electronic supplementary material). The establishment of this method involved three steps: (i) determination of the optimal excitation (ex) and emission (em) wavelengths for pyoverdine and pyochelin fluorescence in CAA (see the electronic supplementary material, figure S1 ); (ii) application of a correction procedure to account for overlaps between the emission spectra of two siderophores (see the electronic supplementary material, figure S2); and (iii) demonstration of a linear relationship between the RFU and the actual siderophore concentrations in the media (see the electronic supplementary material, figure S3 ). For all three steps, we required purified pyoverdine and pyochelin, which we obtained by applying standard extraction protocols (see the electronic supplementary material).
(c) Mechanistic basis of siderophore switching
To examine whether interactions between positive feedback loops were involved in preferential production of one or the other siderophore, we compared the pyoverdine and pyochelin production of strains PAO1DpvdD and PAO1DpchEF (where interaction is not possible) with PAO1 (where interaction is possible) in iron-limited CAA. We inoculated 10 5 cells of the three strains (in 16-fold replication each) and let them grow for 24 h. Following this incubation period, we scaled all RFU/ODvalues relative to the wild-type PAO1, such that pyoverdine and pyochelin production equalled one for this strain. In order to relate fluorescence measures to the actual quantities of pyoverdine and pyochelin, we extracted siderophores from culture supernatants of PAO1, PAO1DpvdD and PAO1DpchEF. We grew strains statically overnight at 378C in 250 ml iron-limited CAA medium (in twofold replication each). The cultures, which reached a mean OD + s.e. ¼ 0.32 + 0.04, were subjected to the extraction protocol described in the electronic supplementary material. Following extraction, we weighed the siderophore powder and estimated the original concentration (micromolar) in the culture (relative molecular masses, pyochelin: M r ¼ 324, rspb.royalsocietypublishing.org Proc R Soc B 280: 20131055 pyoverdin: M r ¼ 1350; pyoverdine type I with carboyclic acid residue). To examine whether the Fur-mediated negative feedback loops were involved in switching from producing one or the other siderophore, we supplemented 10 5 cells of PAO1 in iron-limited CAA with 0, 1, 2, 5, 10, 20 and 40 mM of FeCl 3 (in 10-fold replication for each treatment) [14, 25] . After 24 h, we then compared scaled RFU/OD values across the iron-supplementation treatments.
(d) Ecological aspects of siderophore switching
We conducted a series of experiments in environments where we manipulated relative iron availability (i.e. manipulating how strongly iron is bound in the medium), while keeping the absolute iron concentration constant (approx. 2 mM). Keeping absolute iron concentration constant is essential to decouple total siderophore investment (depending on absolute iron concentration [14] ) from relative siderophore production (i.e. switching from producing one or the other siderophore). For all experiments, we inoculated 10 5 cells of PAO1 into various media (differing in chelator strength, pH and temperature) and compared RFU/OD values for pyoverdine and pyochelin following a 24 h growth period.
With regard to chelator strength, we manipulated relative iron availability by supplementing the CAA medium with one of four organic iron chelators (in 16-fold replication for each treatment): transferrin (100 mg ml
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), citrate (100 mM), malate (100 mM) and bicarbonate (40 mM). The iron-binding affinity of transferrin is K f ¼ 10 25.6 M 21 [9] at physiological pH. While the iron chelation behaviour of citrate is complex [26] , its iron-binding affinity (approx. K f ¼ 10 11.5 M 21 for the most simple Fe(Cit) complex) is certainly higher than that of malate (with two carboxyl groups) [27] and bicarbonate (with one carboxyl group) [28] . Note that citrate is a special case among the chelators chosen, since P. aeruginosa possesses a specific citrate receptor to take up citrate-bound iron [29] .
With regard to pH, the iron-affinity of transferrin is highest at pH 7 [30] . Accordingly, to manipulate relative iron availability, we buffered the CAA medium at pH values different from the optimum ( pH 5, 6, 8 and 9 in addition to pH 7; buffer strength 50 mM; 16-fold replication each) using phosphate buffer (i.e. mixing the appropriate quantities of monosodium phosphate monohydrate and disodium phosphate heptahydrate, see http://home.fuse.net/clymer/buffers/phos2.html for calculating concentrations).
With regard to temperature, we let bacteria grow in iron-limited CAA medium at 258C, 308C, 378C and 428C (in 24-fold replication each). Here, relative iron availability was manipulated indirectly by the fact that higher incubation temperatures are expected to increase the thermodynamic potential of chemical reactions and therefore speed up iron uptake rates.
(e) Fitness consequences of siderophore switching
To obtain an estimate of costs involved in the synthesis of the two siderophores, we gathered data from the 'Pseudomonas Genome Database' (www.pseudomonas.com) on the number of genes involved in their synthesis, the required nucleotides and amino acids to transcribe and translate those genes, and the relative molecular mass of the two siderophores. It is important to note here that both siderophores are synthetized through non-ribosomal peptide synthesis [11, 12] . This means that an entire machinery of enzymes first needs to be produced, and only then are the siderophores assembled from amino acids and other chemical compounds.
To assess the fitness consequences of siderophore switching, we grew PAO1, PAO1DpchEF and PAO1DpvdD (in 4-12-fold replication) in all of the environments described above. We tracked the growth kinetics, measuring OD 600nm over a 24 h period using a multimode plate reader (Synergy Mx, Biotek). For each strain and each environment, we fitted a single non-parametric spline to the growth data, and estimated from this spline the maximum growth rate (DOD 600nm /h) attained during the observation period. We then generated n ¼ 1000 bootstrap replicates from these data, and extracted the median and 95% bootstrap confidence intervals. We took these as our measures of absolute fitness.
These assays provide information on whether the ability to produce two siderophores is more beneficial than having a single siderophore system in a constant environment. However, a key prediction of our hypothesis is that switching between two siderophores pays off in a variable environment, where bacteria can possibly trade off costs versus efficiencies of their siderophores. To address this question, we used an in-silico approach, where we simulated competitive interactions among strains in a randomly fluctuating environment. Since we were interested only in the fitness consequences of siderophore switching in response to iron availability, we needed to exclude any potentially confounding influences on fitness that could derive from social exploitative interactions, such as cheating [31 -33] . For instance, while PAO1DpvdD alone grows poorly in strongly iron-limited medium because it cannot produce pyoverdine, it typically performs well in mixed culture with PAO1 wild-type as it can exploit the pyoverdine produced by PAO1 [31 -33] . Our simulation therefore purposefully excluded these types of social aspects of siderophore production. We simulated a population with a total density of OD 600nm ¼ 1, which, at the start, comprised all three strains in equal proportions (i.e. 0.333). An environment type was selected at random from among those provided (i.e. all environments shown in figure 3), and each strain then grew at a rate sampled from a strain-and environment-specific truncated normal distribution, the parameters of which were determined from previous empirical observations (figure 3). After a number of timesteps (i.e. hours, as integers) the population was rescaled to OD 600nm ¼ 1, and the next environment was selected at random. Intervals between switches were sampled randomly, anew each time, from a truncated normal distribution with mean ¼ 3 timesteps, range ¼ [1;100] and coefficient of variation ¼ 0.5 (except for figure 4a, where a range of increasingly larger means was used, up to constancy ¼ 1, where the interval was always equal to the full length of the simulation run). If a strain's proportion dropped below 10 210 at any point, that strain was considered extinct and could not rebound during subsequent timesteps. Simulations were run over 100 timesteps (except for figure 4b, where run length was manipulated) and with 1000-fold replication, whereafter, for each strain, means were calculated for the final proportions.
(f ) Statistical analysis
We used linear models for all analyses, unless otherwise specified. We tested whether relative siderophore production significantly differed as a function of strain type, siderophore and iron supplementation, as well as in relation to chelator strength, pH and temperature. We further tested for significant associations between pyoverdine and pyochelin production across experimental treatments. Whenever necessary, we log-transformed the dependent variables to meet the assumption of normally distributed residuals. Analyses were carried out with R. 2.15.3 (http:// www.r-project.org/). In the case of growth curves analyses, we used the functions from the package 'grofit', v. 1.1 [34] . (b) Relative iron availability drives siderophore switching
Results
We found that PAO1 always produced both pyoverdine and pyochelin, but that the relative proportions varied greatly across environments ( figure 2 ). The addition of weaker chelators (in relation to transferrin, the strongest chelator used here) resulted in a significant decrease in pyoverdine (linear regression: With regard to pH, we detected a significant decrease in pyoverdine production (quadratic regression: F 2,75 ¼ 29.5, r 2 ¼ 0.425, p , 0.0001) and significant increase in pyochelin production (F 2,73 ¼ 13.9, r 2 ¼ 0.255, p , 0.0001) when moving away from pH 7, where transferrin's iron-binding constant is strongest (figure 2b). Across treatments, there was a significant negative association between pyoverdine and pyochelin production (linear regression: F 1,74 ¼ 39.9, r 2 ¼ 0.342, p , 0.0001).
Finally, we observed that pyoverdine production significantly decreased at higher temperatures (linear regression: figure 2c ). The pattern for pyochelin production in function of temperature was more complex: production increased at higher temperatures (as predicted), but also increased at the lowest temperature (258C; quadratic regression: figure 2c ). Overall, we found a significant negative association between pyoverdine and pyochelin production across treatments (linear regression:
(c) Siderophore switching pays off in fluctuating environments
Our Pseudomonas Genome Database search revealed that pyoverdine synthesis and secretion involves 2.6 times more characterized genes (26 versus 10) and requires 3.6 times more nucleotides and amino acids to transcribe and translate those genes than pyochelin synthesis (see the electronic supplementary material, table S1). This indicates that the cost of building the siderophore synthesis machinery is substantially larger for pyoverdine than pyochelin. Moreover, the molecular mass of pyoverdine (M r ¼ 1350) is 4.2 times larger than that of pyochelin (M r ¼ 324). This suggests that not only the up-front costs associated with readying synthesis machinery, but also the ongoing production costs in terms of building blocks needed to synthesize pyoverdine, greatly exceed those for . This suggests pyoverdine-mediated suppression of pyochelin production in PAO1. By contrast, pyochelin had no effect on pyoverdine production: pyoverdine production did not differ between PAO1 and PAO1DpchEF (grey circles). (b) In the wild-type strain PAO1, pyoverdine production (black circles) is strongly downregulated in response to increasing iron supplementation, whereas pyochelin production (open circles) remains relatively high until approximately 10 mM FeCl 3 . The differences in repression sensitivities result in a range of iron availabilities where pyochelin becomes the predominant siderophore. The production of each siderophore is represented as RFU siderophore /OD, relative to the standard medium without iron supplementation.
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When comparing the fitnesses of the three strains (PAO1, PAO1DpchEF and PAO1DpvdD) across environments, we found significant growth differences between environments (ANOVA: F 10,20 ¼ 287.4, p , 0.0001) but not, overall, between  strains (F 2,20 ¼ 1.79, p ¼ 0.19; figure 3 ). However, we found that PAO1DpvdD grew significantly better than PAO1DpchEF ( paired t-test: t 4 ¼ 4.72, p ¼ 0.009) in the five environments that supported highest growth owing to increased relative iron availability (citrate, malate, bicarbonate, pH 5 and pH 6), while the reverse was true (i.e. PAO1DpchEF grew significantly better than PAO1DpvdD, t-test: t 4 ¼ 8.33, p ¼ 0.001) in the five environments supporting the lowest growth owing to more stringent iron limitation ( pH 8, pH9, temperatures 258C-428C). These results indicate that pyochelin and pyoverdine are indeed most beneficial when relative iron availability is increased or reduced, respectively. This observation, in turn, suggests that a strain which is able to switch between siderophores in response to changing iron availability should perform best in a fluctuating environment.
Our simulation analyses provided clear support for that hypothesis (figure 4). In simulated populations seeded with equal proportions of the three strains, PAO1 significantly outcompeted the two other single siderophore-producing strains when environmental conditions fluctuated randomly. The level of domination by PAO1 was influenced by both the frequency of environmental change (PAO1 reached higher final proportions with more rapid environmental changes, figure 4a ) and the duration of the competition (PAO1 reached higher final proportions with longer competition times, figure 4b ). However, we also found that a more stable coexistence of strains was possible when certain environmental conditions were encountered more frequently than others, as illustrated by a set of simulations where we gradually raised the relative probability of encountering acidic environments (figure 4c)-a scenario possibly representative of habitats such as some types of forest soils [35] .
Discussion
Our results indicate that P. aeruginosa indeed possesses a regulatory mechanism which enables it to differentially adjust its relative investment in the production of its two siderophores, pyoverdine and pyochelin, as a function of iron availability. Moreover, our fitness comparisons across different environmental conditions, and our simulations, demonstrate when and why having two siderophores is adaptive. Switching between siderophore investment strategies seems to be beneficial, because it allows bacteria to better optimize the cost-to-benefit ratio of siderophore production across changing environmental conditions. When iron is severely limited, P. aeruginosa can focus on the production of the costly but highly efficient pyoverdine, whereas it can switch to a cheaper option, pyochelin, when iron is relatively more accessible. These results highlight that pyochelin is not redundant and that its role in iron scavenging in P. aeruginosa has been underestimated, probably owing to the fact that iron uptake has usually been studied under stringent iron limitation.
The siderophore switching mechanism we report in this study provides an example of how, via their molecular regulatory networks, bacteria can make 'decisions' about optimal investment strategies in response to their prevailing environmental conditions. In the present case, the decisionmaking process is based on a relatively sophisticated Figure 2 . Siderophore switching as a function of relative iron availability in the environment. We manipulated relative iron availability in the medium by: (a) adding chelators with different iron-binding affinities (low to high from left to right); (b) varying the pH of the medium, which alters siderophore and/or chelator affinity to iron; and (c) varying incubation temperature, which determines the thermodynamic potential of chemical reactions and therefore the speed of iron uptake. Overall, there was a significant switch from the production of pyoverdine (filled circles) to pyochelin (open circles) when moving from environments with lower to higher relative iron availabilities. Here, the production of each siderophore is represented as a relative measure, i.e. the RFU siderophore /OD, relative to the RFU pyoverdine /OD, measured under baseline conditions (i.e. transferrin, pH 7, 378C). Values are given as mean+s.e. Some standard errors are smaller than symbols, and are therefore not shown. Figure 3 . Fitness consequences of siderophore switching across a range of environments. Maximal growth rate (change in OD 600nm per hour) attained during monoculture growth is shown for wild-type PAO1 (black circles, capable of pyoverdine and pyochelin synthesis), PAO1DpchEF (dark grey squares, capable of pyoverdine production only) and PAO1DpvdD (light grey diamonds, capable of pyochelin production only). We manipulated iron across the different environments by using chelators with different ironbinding affinities, varying the pH of the medium and varying incubation temperature. Maximal growth rate was estimated from non-parametric splines fitted to observed growth trajectories during 24 h. Here, points represent the median parameter estimate, and error bars the 95% CIs from n ¼ 1000 bootstrap replicate splines. Here, a bias of x means that environment types pH 5 and pH 6 were, respectively, x and x/2 times more likely to be sampled than other environment types.
rspb.royalsocietypublishing.org Proc R Soc B 280: 20131055 mechanism entailing interference and sensitivity differences between the two regulatory feedback loops controlling the expression of pyoverdine and pyochelin, respectively. On the one hand, preferential pyoverdine production is possible because pyoverdine production interferes with pyochelinmediated signalling and/or pyochelin production directly, when iron is severely limited. The exact mechanism of this suppression remains yet to be determined. On the other hand, preferential pyochelin production can occur because the Fur-mediated negative feedback is more sensitive in repressing pyoverdine than pyochelin production under less stringent iron limitation. While our results show that the decision to preferentially produce pyoverdine or pyochelin is made by individual cells in response to local iron availability (i.e. an environmental factor), the involvement of publicly shared molecules as signals in the feedback loops means that there is also a social aspect to this decision-making process. To this end, we posit that the decision to make pyoverdine or pyochelin has many of the hallmarks of the collective decision-making processes seen in animals [36 -38] . Our assertion derives from the following observations. First, iron limitation per se only induces baseline expression of the genes involved in siderophore synthesis in each individual, whereas positive signalling feedbacks based on social interactions are required to fully induce the systems [18, 19] . Specifically, signalling operates through iron-loaded siderophores binding to their respective receptors resulting in the upregulation of pyoverdine (and two other public goods [18] ) and pyochelin [19] synthesis genes. Because siderophores are highly diffusible molecules, a producer cell typically does not receive feedback only from its own molecules, but rather receives an aggregate signal comprising molecules secreted by the entire local neighbourhood [39] . Just as the positive feedback loop that promotes siderophore production is influenced by social cues, the Fur-mediated negative feedback loop is also influenced by the actions of other individuals because the iron uptake rate, which determines the strength of Fur repression, is given by the total siderophore production of all community members [14] . Taken together, this means that the switch between producing one or the other type of siderophore is one that is largely coordinated in a group-level manner, and emerges from distributed local interactions among individuals. At this broad level, bacterial siderophore switching is qualitatively similar to the processes by which animal groups collectively determine where to travel [40] , how to evade predators [41] , which food sources to exploit [42] or where to site a new communal nest [43] . In each of these situations, coordination and synchrony can emerge in the absence of leadership and cognitive abilities, but rather from simple mechanisms involving positive and negative feedbacks based on repeated local (distributed) interactions among individuals [37, 38] .
In this context, siderophore-mediated signalling is comparable to quorum sensing-based signalling that is widely recognized to have evolved as a measure to coordinate group activities [1, 44] . Specifically, quorum sensing is based on cells releasing small signalling molecules into the environment, which, upon uptake, induce further signal production in receiving individuals. Once signal density has reached a certain concentration (which serves as a proxy for cell density) bacteria start producing a range of extracellular public goods, such as enzymes and toxins, which are secreted in the environment in a group-coordinated manner. Thus, quorum sensing too can be understood as a collective decisionmaking process [45] , which assures that public goods are only produced when they are beneficial, and when efficient sharing of the public good is guaranteed [46] . Evidently, collective decision-making also plays an important role in organisms as simple as bacteria.
Their capacity for switching between different siderophore investment strategies notwithstanding, we saw that bacteria still produced both pyoverdine and pyochelin in all environments (figure 2). This raises the question of why, in certain environments, P. aeruginosa does not focus exclusively on the more suitable of the two siderophores and completely repress the other? There are at least three mutually nonexclusive explanations for our observation. First, there may be mechanistic constraints [47] which prevent a complete shutdown of production of one or the other siderophore, even though it would be beneficial to do so. Our data provide some evidence that mechanistic constraints may be an issue here, in that the relative impacts of the two regulatory elements (interference and sensitivity of feedbacks) appear to vary across ecological conditions (figure 2), leading to both noisy (e.g. at high pH) and non-intuitive (e.g. at low temperature) siderophore production patterns. Moreover, it seems that under stringent iron limitation, pyoverdine represses only pyochelin-mediated signalling (i.e. the positive amplifying feedback loop) but not the baseline pyochelin production, which would explain why pyochelin is always expressed to some extent. Second, an adaptive explanation could be that the simultaneous production of both siderophores represents a form of bet-hedging behaviour, enabling bacteria to remain in a state of readiness should environmental conditions suddenly change (as seen for other bacterial traits [48, 49] ). Moreover, siderophores might have alternative functions not investigated in our study, such as their recently suggested roles in heavy metal tolerance [50] or decomposition of organic compounds [51] .
Finally, our simulation analyses based on fitness data suggest that switching between different siderophore investment strategies confers benefits in environments with randomly fluctuating iron availabilities. The idea that natural selection should maintain different siderophore systems in fluctuating environments makes sense given that spatial and temporal ecological variability is a typical feature of most microbial habitats [52, 53] , and iron availability, in particular, varies widely in water [54] and soil [55] habitats. However, our simulations also show that the relative prevalence of strains producing both siderophores can decrease when the environment is less prone to change and/or is biased towards some specific conditions. Just such a scenario may apply during chronic infections in cystic fibrosis lungs, where pyoverdine-negative mutants typically accumulate over time [56] [57] [58] . One possible explanation for this observation is that siderophores are not required in the lung because iron concentration is increased (7.5 -33 mM; [59, 60] ). Alternatively, it has been suggested that selection against pyoverdine production occurs because of cheating (i.e. pyoverdine-defective mutants experiencing fitness advantages by exploiting pyoverdine produced by others [58, 61] ). Our findings now suggest a third possibility, namely, that increased iron availability in cystic fibrosis lungs could favour a permanent shift in siderophore production from pyoverdine to pyochelin, such that a mutant defective for pyoverdine rspb.royalsocietypublishing.org Proc R Soc B 280: 20131055 synthesis could spread, because it avoids costly pyoverdine production in an environment where the cheap pyochelin might suffice to do the job. These considerations highlight that care must be taken when interpreting the rising of siderophorenegative mutants, since both social interactions (i.e. cheating) and ecological conditions (i.e. iron availability) can be the underlying selective drivers.
